Toxigenic strains of the anaerobic bacterium Clostridium botulinum produce seven immunologically distinct protein neurotoxins (BoNTs) designated as serotypes A through G. Strains of two related species, C. barati and C. butyricum, also produce some of these toxic proteins. The neurotoxins block acetylcholine release at the neuromuscular junction, resulting in the flaccid paralysis in humans and animals commonly known as botulism (26) . Whether growing in culture or foods, Clostridia release their neurotoxins as protein aggregates. These aggregates, designated progenitor toxins or toxin complexes, result from the noncovalent association of neurotoxin with up to seven other proteins known as neurotoxin-associated proteins (NAPs) (13, 21) . NAPs include a nontoxic, nonhemagglutinin protein (NTNH) and several proteins possessing hemagglutination properties. Hemagglutinins are labeled as HA combined with their molecular mass, as determined by gel electrophoresis. For example, HA-70, HA-33, and HA-17 refer to three different hemagglutinins having masses of approximately 70, 33, and 17 kDa, respectively. Hemagglutinins are found in progenitor toxins from serotypes A, B, C1, and D, but not serotypes E and F (13) . Other progenitor toxin hemagglutinins, HA-53 and HA-22, have also been described, but they are derived from the posttranslational cleavage of HA-70 (27) . Table 1 lists the NAPs currently associated with botulinum progenitor toxins from each serotype.
The association of different NAPs with neurotoxin generates a range of progenitor toxin masses and sizes (13) . Masses range from 300 to 900 kDa, and sizes, categorized by sucrose density gradient centrifugation, include 12S (300-kDa), 16S (500-kDa), and 19S (900-kDa) complexes, which have alternate designations of M, L, and LL, respectively (20, 25) . Pure neurotoxins have molecular masses of approximately 150 kDa and size designations of either 7S or S (24) . Progenitor toxin size distributions vary by serotype, with type A strains producing 19S, 16S, and 12S progenitor toxins, type B, C, D, and E strains producing 16S and 12S progenitor toxins, and type F and G strains producing only 12S and 16S progenitor toxins, respectively (9, 17, 22, 23, 24, 31, 34) . Neurotoxin and NTNH comprise the 12S (M) progenitor toxin (30) , the 16S (L) progenitor toxin is composed of neurotoxin, NTNH, and additional NAPs (10, 15, 19) , and the 19S (LL) progenitor toxin is a dimer of the 16S (L) progenitor toxin. Genes encoding progenitor toxins are clustered, have a defined spatial order, and are expressed in a coordinated manner, and progenitor toxin assembly apparently proceeds in a concerted fashion (6, 7, 14, 16, 18) . Functions ascribed to NAPs range from neurotoxin protection against acidic pH levels and proteases by NTNH to HA-33 assistance in binding to and translocating progenitor toxin(s) through alimentary epithelial barriers (11, 12, 24) . However, specific functions concerning the toxic mechanisms of action are not fully characterized and have not been assigned to all NAPs. Progenitor toxins are, in general, thought to be more potent in vitro and in vivo against their respective serotype substrates than purified neurotoxins (3) . This is important, as certain purified BoNT serotypes possess toxicities of 1 ng/kg in mice (50% lethal dose, intravenous administration). This value is generally accepted for human toxicity as well (32) . If progenitor toxins possess similar toxicities, they pose an exposure danger comparable to that of purified neurotoxins.
Botulinum neurotoxin identification, characterization, and assay have renewed importance because these toxins have been designated as potential biowarfare and terrorist threat agents due to attempts to deploy them in conventional military weapons (35) and to use them in aerosol form against a civilian population (2). Therefore, techniques capable of assaying all proteins in progenitor toxins to identify them at the strain level in a timely manner are required. Proteomic techniques based upon high-performance liquid chromatography (HPLC) and mass spectrometry (MS) can generate the amino acid sequence information essential for progenitor toxin/neurotoxin identification. When coupled with nanoscale HPLC (nLC) and electrospray ionization (nESI) techniques, mass spectrometry has the ability to identify proteins definitively at nanomole levels (1). This would be important for botulinum progenitor toxins because they are produced and active at low levels. However, factors such as protein variability, database composition, and search engine characteristics may influence identification, especially at the strain level.
This study examined the ability of MS combined with protein database searching to characterize botulinum progenitor toxins and to assign proteins to specific botulinum serotypes and strains based upon currently available sequence information. First, proteins were identified to establish progenitor toxin composition. Next, protein identification was used to assign progenitor toxins to serotypes and strains. Two major concerns regarding progenitor toxin strain assignment involve the availability of nucleotide/amino acid sequence information for individual C. botulinum strains and the level of amino acid sequence identity among NAPs from different strains. In recent reports, van Baar et al. (29, 30) addressed some of these issues when they characterized neurotoxin samples from serotypes A (strain 62A), B (strain Okra), C (003-9), D (CB-16), E (no designation; equivalent to NCTC 11219 by analysis), and F (Langeland) that also contained some progenitor toxin proteins. They analyzed these samples with matrix-assisted laser desorption ionization (MALDI)-MS and capillary LC-ESI-MS methods originally developed for tetanus toxin analysis (28) . They showed that accurate strain assignments were possible when genetic sequences were available. Otherwise, toxin proteins matched the same class of toxin protein from other strains of the same serotype, except for HA-70 of serotype B. We have expanded upon these efforts and, in this study, examined the ability of nLC-nESI-MS/MS and protein databasesearching techniques to characterize botulinum progenitor toxins by identifying the constituent proteins from serotypes A through G and to assign the proteins accurately to botulinum serotypes and strains.
MATERIALS AND METHODS
A word of caution. Due to their extreme toxicity, microgram quantities of botulinum progenitor toxins must be handled in approved laboratories only and strict safety and regulatory measures for toxin acquisition, storage, use, containment, and destruction must be observed. Individuals handling toxins in this study were vaccinated with an investigational anti-BoNT vaccine.
Progenitor toxins from the following strains of serotypes A through G were purchased from Metabiologics, Inc. Each progenitor toxin sample was analyzed in triplicate. Before enzymatic digestion, 30 g (total protein) of each complex was diluted with 50 l of 8 M urea dissolved in 0.4 M ammonium bicarbonate and incubated at 23°C for 15 min. Samples were reduced with 5 l of 0.045 M dithiothreitol and heating at 60°C for 15 min. After cooling to 23°C, samples had 5 l of 0.1 M iodoacetamide added and then were incubated in the dark at 60°C for 15 min. Samples were cooled to 23°C again and diluted with 100 l of HPLC water. Enzymatic digestions were performed at 37°C for 15 h after the addition of either 20 g trypsin or 20 g of proteinase K reconstituted separately in 50 l of HPLC water. Enzymatic digestion was stopped with 30 l of 0.1% formic acid. Digests were stored at Ϫ20°C until analyzed by MS.
Peptide data were acquired by using a Micromass Quadrupole-time of flight 2 mass spectrometer (Altrincham, United Kingdom) equipped with a New Objective (Woburn, Mass.) nanospray holder interfaced with a Water's CapLC highperformance liquid chromatograph (Milford, Mass.). Aliquots of 2.5 l, containing approximately 375 ng of initial total protein, were injected onto a New Objective capillary LC column (10 cm by 75 m) packed with Aquasil C 18 (5-m particle size, 100-Å pore size). Peptides were eluted with a flow rate of 500 nl/min and the following gradient: 0 to 20% B in 40 min (linear), 20 to 60% B in 40 min (linear), and 60 to 100% B in 20 min (linear). Solvents A and B consisted of 2% and 80% (vol/vol) acetonitrile in 0.1% (vol/vol) formic acid, respectively. The electrospray voltage was 2.0 kV, and the sample cone voltage was 35 V. Gasassisted nebulization was not used. The mass spectrometer was operated in survey mode using the instrument's automatic switching feature to capture fullscan spectra (m/z 400 to 1,500 in 1.5 s) and product ion spectra (m/z 100 to 1,500 in 1.5 s). Product ion spectra were generated from multiply charged precursor ions with variable collision energies ranging from 10 to 60 eV based upon the mass and charge state of the eluting peptide. Argon was used as the collision gas at a nominal pressure of 1 bar.
Mascot (v1.0; Matrix Sciences, London, United Kingdom) database search engine was used to identify proteins. Several different search parameters were used for each variable in these search engines. The final search settings used in this study represented a compromise between including too many extraneous proteins and excluding known proteins. Mascot database MS/MS searches were performed using peak list files generated by MassLynx (v3.5) and the following parameters: the National Center for Biotechnology Information nonredundant (NCBInr) database (v190304), eubacteria, trypsin, carbamidomethyl modification, methionine oxidation, 2ϩ/3ϩ charge state, Ϯ0.5-Da peptide tolerance, Ϯ0.3-Da MS/MS mass tolerance, Micromass data format, and the ESI-Quadtime of flight instrument. Mowse scores greater than 38 indicated identity or extensive homology, but peptides with lower scores were used for identification if they matched peptides from the tentatively identified proteins exactly using BLAST searches (NCBInr database, exact matches for short sequences, PAM 30 matrix).
RESULTS

nLC-nESI-MS(/MS)
. Stringent tryptic and proteinase K digestion conditions were used to inactivate neurotoxins and to liberate a maximum number of peptides from each constituent protein. This was important, as HA-33 is reportedly resistant to trypsin digestion under nondenaturing conditions (8) . Lower concentrations of dithiothreitol and iodoacetamide were used so that the enzymes could be added directly to the mixture to avoid potential protein losses that may occur when reagents are removed before digestion and to shorten analysis time. Using these lower reagent concentrations prompted the use of higher enzyme/protein mass ratios to promote protein cleavage. The success of this approach is shown in Fig. 1 , which contains a representative base peak chromatogram for the tryptic digest of botulinum serotype C1 (strain Stockholm) progenitor toxin. Proteinase K digestion liberated many peptides also (data not shown), but random cleavages produced by this enzyme increased database search times to prohibitive levels. Consequently, proteinase K digestions were discontinued. Figure 1 also indicated that tryptic peptides were present in a range of apparent relative abundances, which raised the question of how much peptide was needed to identify a protein. We determined that the product ion spectrum produced from 50 ng/ml of a standard peptide (Glu-fibrinogen) contained ions sufficient to identify correctly all amino acids in the standard peptide (Fig. 2) .
Progenitor toxin protein identifications. Representative results obtained for progenitor toxin proteins from each botulinum serotype are listed in Table 2 (see the supplemental material for specific peptide information). In this report, identified proteins refer to precursor proteins typically contained in protein databases and HA-70 is used to refer to this hemagglutinin and its posttranslational fragments such as HA-52. A minimum of three peptides was required to match identical amino acid sequences in the protein database to identify a protein. Protein identifications were reproducible for each sample. Table 2 with the list of known progenitor toxin proteins (Table 1) showed that all the proteins known to comprise serotype A progenitor toxin were identified. In addition, flagellins, not previously reported to be associated with progenitor toxins, were detected in this sample of serotype A progenitor toxin. C. novyi flagellin was identified with two different amino acid sequences. Although using two peptides instead of three peptides for protein identification was lower than the required number, the identification was included because Dineen et al. (ii) Serotype and strain assignment. Tryptic neurotoxin peptides from this sample of progenitor toxin matched type A1 toxin from strain 62A (gi:279630), with 21 peptides providing 18.0% coverage of the amino acid sequence. Generally, serotype A NAPs contained in this sample matched serotype A progenitor toxin NAP sequences. One apparent exception occurred for HA-17, where serotype Bnp (np, nonproteolytic) protein from Eklund 17B was identified. Two peptides were used to identify serotype Bnp HA-17 in the NCBInr database. This low number of peptides was inadequate to conclusively identify this protein, despite the 12.0% amino acid coverage provided by these peptides. Closer examination of these two peptides using BLASTp for exact matches of short peptide sequences showed that the first peptide, (58)ISNVAEPKN (66), is common to HA-17 in most botulinum serotypes, including A and B. The second peptide, (18)TFLPDGNYNIK (28), matched only Eklund 17B, as indicated in Table 2 . However, D22 in serotype B HA-17 corresponds to N22 in serotype A HA-17, raising the possibility of a misleading strain assignment due to deamidation.
Serotype A progenitor toxin (Hall strain). (i) Protein composition. Comparing identified proteins contained in
Serotype B progenitor toxin (Okra strain). (i) Protein composition. All the proteins known to comprise serotype B progenitor toxin (Table 1) were identified in this sample or serotype B progenitor toxin (Table 2 ). In addition, flagellins, not previously reported to be associated with progenitor toxins, were detected in this sample of serotype B progenitor toxin, supporting the results obtained for serotype A. The C. novyi match was made with the experimental sequence (65)NAQD FIG. 2. Product ion spectrum of standard Glu-fibrinogen peptide (50 ng/ml) demonstrating that all ions necessary for identification were present for this peptide. The amino acid sequence and detected product ions are depicted in this figure also. The nLC conditions were the same as those described in the legend to Fig. 1 (Table 2) , as no Okra strain sequence data are available in the NCBInr database. HA-70 was an exception to serotype matching. Thirteen peptides (24.3% coverage) apparently matched type A serotype (strain 62A) HA-70. Closer examination of the peptides used for the match showed that seven peptides were common to both serotypes A and B. The remaining six peptides were used to identify serotype A. Based upon BLASTp results for 100% matching, five of the six remaining peptides were found exclusively in serotype A strains such as 62A and Hall A-hyper. One of these five peptides was also found in the type A/B strain NCTC 2916. The sixth peptide, (154)SIEFNPGEK(162), matched strains 62A, Hall A- hyper, and NCTC 2916 and a B/F strain of serotype B, CDC 3281, indicating it is common to strains from serotypes A and B. Table 2 lists proteins identified in this sample of serotype C progenitor toxin. Comparing Table 2 to Table 1 shows that all the proteins known to comprise serotype C progenitor toxin were identified. No additional proteins were detected in this sample.
Serotype C progenitor toxin (Stockholm strain). (i) Protein composition.
(ii) Serotype and strain assignments. Proteins from this sample of serotype C1, strain Stockholm, progenitor toxin matched known serotype C1 proteins (Table 2) . Strain assignments were consistent for this serotype because nucleotide information is available for the following progenitor toxin proteins: for BoNT, X62389; for NTNH, X62389; for HA-70, D38562; for HA-33, X5301; and for HA-17, X62389.
Serotype D progenitor toxin (MDPH strain). (i) Protein composition.
All proteins known to comprise serotype D progenitor toxin were identified in this sample of serotype D toxin (Tables 1 and 2 ). Flagellins were also associated with this isolate of strain MDPH progenitor toxin. Two forms of flagellin, FliA(A) and FliA(B), matched C. novyi flagellin database entries by using five and three unique peptides, respectively. As before, these proteins are common to several bacterial species, but the larger number of identified peptides substantiates the flagellin identified for samples from serotypes A and B.
(ii) Serotype and strain assignment. Serotype D, strain MDPH, neurotoxin matched neurotoxin entries from other D serotype strains (Table 2 ) because no nucleotide data are available for this strain. The smallest protein in this progenitor toxin, HA-17, again proved difficult to identify because only two peptides were used for the assignment.
Serotypes E and F progenitor toxins (Alaska and Langeland strains, respectively). (i) Protein composition.
Each protein known to comprise serotype E and F progenitor toxins, neurotoxin and NTNH, were identified in these samples. However, additional proteins were identified in serotype E progenitor toxin samples but not in serotype F samples. Three peptides matched ORF-X1 from C. botulinum serotype E and provided 23.2% coverage of the protein's 142 amino acid residues, which was reported for strain Iwanai and C. butyricum. BLASTp searches for each of the three detected peptides matched only ORF-X1, although entries for ORF-X1 from serotypes A2 (Kyoto-F) and F (Langeland) are also present in the NCBInr database. The gene that produces serotype E ORF-X1 is found upstream from the NTNH gene (34) . However, the protein was not detected in serotype F and serotype A2 was not used in this study. Two other proteins, ORF-X2 and p47, are also produced by E and F serotypes, but neither protein was detected. A second protein designated neurotoxin-binding protein (NBP; gi:4097887), having a possible transcriptional regulatory function, was also identified in the serotype E complex. This protein consists of 43 amino acids, is an unpublished, direct submission to the NCBInr database, and was reported for the Alaska strain of C. botulinum serotype E. Two peptides comprising 48.8% (21/43 residues) of the submitted amino acid sequence were identified for the Alaska strain used in our study. Although only two peptides were used for identification, strain specificity and high amino acid coverage justified its inclusion in Table 2 .
(ii) Serotype and strain assignment. Serotype E neurotoxin and NTNH were assigned to various strains because no sequence data were available in the NCBI database for this strain. NBP was isolated from the Alaska strain and was assigned properly in this study. On the other hand, serotype F neurotoxin and NTNH were assigned to the Langeland strain because each protein in the progenitor toxin has a database entry. The entries are S76749 for the BoNT and X99064 for NTNH.
Serotype G progenitor toxin (89 strain). Strain 89 progenitor toxin proteins matched BoNT, NTNH, HA-70, and HA-17 produced by other serotype G strains (Table 2) . HA-33 is not produced in this serotype. While some sequence information is available for most serotypes, very little information is available for serotype G progenitor toxin in the NCBI database. One entry (X87972) covers the nucleotide sequences of NTNH, HA-70 (partial), and HA-17 present in the C. argentinense progenitor toxin gene cluster, and another entry contains the neurotoxin nucleotide sequence from C. botulinum strain 1113/30 or NCBF 3012. These entries were used to identify strain 89 used in our study. Therefore, substantial amino acid identities must exist among the different progenitor toxin proteins of this strain and those contained in the database to make these matches. The paucity of sequence data precludes accurate strain assignment, although the serotype assignment was accurate.
DISCUSSION
van Baar et al. proposed that protein toxins can be unambiguously identified with mass spectrometry (29) , and they applied this premise to the analyses of tetanus (28) and botulinum toxins (29, 30) . Their MALDI-MS and LC-ESI-MS analyses of botulinum serotypes A through F identified neurotoxin and each protein present in their toxin samples. They also showed that ESI-MS with CID (ESI-MS/MS) or MALDI-MS with postsource decay identified protein unambiguously (29, 30) . Several neurotoxin samples they purchased included some known progenitor proteins, but they did not always include each progenitor toxin protein in each sample. They were reportedly unable to purchase serotype G toxin. So, complete progenitor toxin protein data were not provided for serotypes B, C, D, and G.
In our study, we analyzed complete progenitor toxins from serotypes A through G. Five of the strains we used in this study differed from those analyzed by van Baar et al. (29, 30) , who used strains 62A, Okra, 003-9, CB-16, no designation (equivalent to NCTC 11219 by analysis), and Langeland from serotypes A through F, respectively (30) . Okra and Langeland strains from serotypes B and F, respectively, overlapped those used in this study.
We used LC-ESI-MS/MS to analyze progenitor toxins from each botulinum serotype to provide the best possible protein identifications. Using nLC-nESI in our study represented a refinement of the capillary LC and micro-ESI techniques employed by van Baar et al. (28) (29) (30) . Because sample requirements are lower for nLC-nESI, total protein quantities used in this study were approximately 40% lower than quantities used by van Baar et al. (29, 30) .
Progenitor toxin protein composition. The first goal of this study was to characterize progenitor toxins from one strain of each serotype by identifying proteins in the toxin. We made no effort to further purify or separate different sizes of progenitor toxin to determine the total protein composition of each sample. To date, most progenitor toxin studies have concentrated upon gene clusters or purifying progenitor toxin for further study, but not upon the toxin's final protein composition. The ability to characterize the final protein composition is needed to study progenitor toxin formation and progenitor toxin aging. It is especially needed for detection and assignment purposes because these will be affected by extraction conditions that may alter protein composition, by processing/treatment of the extract that may alter the physical condition of the constituent proteins, and by analytical instrumentation characteristics and parameters that may be required to differentiate nearly identical amino acid sequences. We found that mass spectrometry identified accurately all known proteins in botulinum progenitor toxins from each serotype. During the identification process, it became apparent that additional information, such as BLAST searches, was needed occasionally to differentiate two possible identifications because some proteins from different strains within a serotype possessed nearly identical amino acid sequences.
In addition to the known protein components of botulinum progenitor toxins, we found that proteins produced by genes near or within the progenitor toxin gene complex can coisolate with progenitor toxins (5). One example was flagellin, which was identified in extracts from several serotypes. Whether or not flagellin was bound to progenitor toxins was not determined, but its presence in extracts from three different serotypes indicates that association may have occurred. Flagellin's presence is interesting because Dineen et al. postulated that the proximity of flagellin genes to the progenitor toxin gene cluster in several serotype A strains may be important because of the interaction of flagellin with sigma factors that affect gene regulation and the possible involvement of flagellin in protein secretion (5) . Additional studies will be needed to determine if flagellin coextracts only or is associated specifically or nonspecifically with the progenitor toxin and to determine if a specific association involves one or more of the constituent proteins.
In one of their studies, van Baar et al. also detected exoenzyme C3 in samples from serotype C1, strain 003-9 (30). Although we failed to detect this enzyme, we did detect ORF-X1 and NBP in serotype C1, strain Stockholm, samples. The presence of these proteins and the flagellins in samples from separate suppliers indicates that different isolation/purification procedures can affect the final protein composition of the progenitor toxin.
Serotype and strain assignments. The second goal of this study was to determine if protein identities could be used to assign accurate serotypes and strains. Examination of the assignments showed that neurotoxin tryptic peptides matched the correct serotype for each sample and represented a reliable marker for serotype identification. Strain assignments were also accurate when sequence data were available for the strain, as indicated by van Baar et al. (29, 30) . For example, serotype A, C, and F strain assignments matched database entries because neurotoxin sequences are available. Conversely, serotype B neurotoxin peptides matched the NCTC 7273 entry because no sequence data are available for strain Okra in the NCBI database. Strains Okra and NCTC 7273 must share a high level of neurotoxin amino acid identity because 26 Okra strain peptides matched NCTC 7273 peptides in this study.
Strain assignments can be difficult, especially when proteins from different strains share high amino acid sequence identities. For example, multiple database entries are available for neurotoxins produced by strains of serotype A and several of these neurotoxins share high amino acid sequence identities. Zhang et al. compared available botulinum progenitor toxin amino acid identities for several strains from each botulinum serotype (33) . When serotype A, strain Hall/Allergan, neurotoxin was used as the reference amino acid sequence, it differed from 62A, Hall A/ATCC 3502, NCTC 2916, and Kyoto-F (A2 toxin) neurotoxin amino acid sequences by 0, 1, 0.2, and 10%, respectively. This indicates that it will not be possible to distinguish strains Hall/Allergan and 62A based solely upon neurotoxin peptides and that differentiating between strains Hall/Allergan, Hall A/ATCC 3502, and NCTC 2916 (A toxin) may be challenging but possible with mass spectrometry. This was supported when neurotoxin peptides used in this study to match strain 62A neurotoxin A1 also matched strain Hall/ Allergan peptides. This situation exists for neurotoxins from all serotypes with multiple strains.
Using NAPs in addition to neurotoxins should provide additional information for definitive serotype/strain assignments, but similar complexities also exist for these proteins. For example, the serotype A strain assignment for Hall strain NTNH used in this study was the National Institutes of Health (NIH) strains. Zhang et al. reported 100% amino acid identity between the Hall A/Allergan and NIH strains (33). Dineen et al. (5) reported that NTNHs from the Hall A-hyper and NIH strains are identical and that NTNHs from these strains differ from strain 62A by only 1 amino acid substitution (G333E), which also corresponds to the 99.9% identity presented by Zhang et al. (33) .
One anomalous serotype assignment occurred when HA-70 protein from serotype B, strain Okra, was assigned to serotype A, strain 62A ( Table 2) . As no sequence information is available for serotype B, strain Okra, it was not possible to know how this strain relates to other strains within the serotype. However, comparing HA-70 amino acid sequence identities for other strains indicated that only partial sequences are available for most serotypes. Dineen et al. used residues 1 through 442 for identity comparisons because only partial sequence data were available for the strains compared (5). In their analyses, van Baar et al. (29) indicated that, although HA-70 from the Okra strain of serotype B appeared to be similar to HA-70 contained in the silent gene of strain NCTC 2916 (serotype A), it appeared to differ from other known serotype B HA-70 proteins, especially in the posttranslational HA-52 N-terminal region. Dineen et al. reported that 62A and Hall A-hyper HA-70 shares 99% identity with serotype A strain NCTC 2916 and serotype BF strain 3281 and 96% identity with serotype B strain Eklund 17B for available residues (5). These close similarities illustrate how an anomalous assignment may occur.
The serotype A HA-17 match with the nonproteolytic B strain Eklund 17B represented in Table 2 was anomalous due to the low number of peptides used to identify it. Because few peptides were used and close similarities exist among the A/B (5) . Comparing the 146 residues of gi:2104808 to other entries with 95% amino acid identity revealed seven residue/alignment differences, whereas 94% matches had eight differences (4) . Amino acid identity results among different serotypes and strains included in this study corresponded to those reported by Dineen et al. for HA-17 (5) .
One difficulty encountered during these analyses involved detecting HA-17 in samples from each serotype known to produce this protein. Quantitative data concerning NAPs in 12S and 16S progenitor toxins are available for serotype D, strain 4947 (16) . For this serotype, four heterodimers of HA-33/HA-17 are present in both 12S and 16S progenitor toxins. Similar protein stoichiometries seem to occur in serotype C (15) , but this has not been documented for the other serotypes. Therefore, an adequate amount of HA-17 should be available for detection, assuming that progenitor toxins containing HA-17 are assembled in a similar manner by other serotypes. Closer examination of known amino acid sequences for serotypes producing HA-17 showed that trypsin cleavage of serotypes A, B, and G would produce 9, 8, and 9 peptides, respectively, which would be most useful for identification by mass spectrometry (optimum lengths between 5 and 20 amino acid residues). On the other hand, only three optimal tryptic peptides could be generated from serotypes C and D HA-17. Three other peptides comprised of 25, 28, and 51 residues could be generated with tryptic digestion (data not shown). Therefore, using a second proteolytic enzyme would be helpful to identify HA-17 in serotypes C and D. Pepsin was used by van Baar et al. (29, 30) and provided useful peptides, which seems to be a better compromise than the proteinase K we used in our study. Changes in reaction conditions could limit the proteinase K cleavages to reduce the number of peptides that must be considered during protein searches.
Overall, these results demonstrate that analyses based upon nanoscale chromatographic and ionization techniques benefit C. botulinum progenitor toxin analysis by lowering the quantities required for analysis. Proteins from the seven serotypes of C. botulinum progenitor toxins were identified successfully using this approach. Neurotoxin database identifications were generally accurate and conclusive for a given serotype, but careful analysis was needed for certain proteins to ensure accuracy. Strain assignment can be challenging due to the nearly identical amino acid sequences shared by NAPs from different serotypes and strains. While nucleotide sequence data are the best references for matching experimental data to strains, it is not essential to assign proteins to a serotype accurately. Furthermore, despite high levels of amino acid similarities, the mass spectrometer is able to differentiate sequences and serotypes that differ by only one amino acid, within the known constraints of an instrument. Future efforts based upon these results will include assessing detection limits for progenitor toxins, establishing a proteolytic peptide library for different strains, establishing identification limits for progenitor toxins, and determining stoichiometric relationships among proteins comprising progenitor toxins with mass spectrometry.
